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Abstract
We perform spin-polarized two-dimensional angular correlation of annihilation radiation (2D-
ACAR) calculations for the recently predicted ZrCo2Sn-Weyl Heusler compound within the density
functional theory using the generalized gradient approximation (GGA) and its extension GGA+U.
We confirm that within the GGA+U method, a pair of Weyl-points are revealed, and that by
doping with Niobium, for the composition Nb0.3Zr0.7Co2Sn, the Weyl points are reaching the
Fermi level. Our 2D-ACAR results indicate the existence of the Weyl points, however, within
the present calculation, it is uncertain if the smearing at the Fermi level can be attributed to the
positron wave function.
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I. INTRODUCTION
Recently, Weyl fermions have been predicted in the ferromagnetic full Heusler ZrCo2Sn
1.
The band structure calculations (within GGA+U) show a half-metallic ferromagnetic behav-
ior of this compound, with a magnetic moment of 2µB, in agreement with the Slater-Pauling
rule. Half-metals are characterized by a metallic electronic structure for one spin channel,
whereas for the opposite spin direction the Fermi level is situated within an energy gap2,3.
The time-reversal symmetry is broken in these systems, therefore from the magnetic point
of view these could be either ferro- or ferrimagnets with perfect spin-polarization at the
Fermi level. Using the electronic structure calculations Wang et al. [1] found that the easy
axis is oriented along the [110] direction which was also confirmed by experimental mea-
surements. Along this axis two Weyl points related to the inversion symmetry have been
found. When alloyed with Nb, the spin-up Weyl points shift closer to the Fermi level1 and
consequently transport, spectroscopic properties such as the chiral anomaly, and unusual
magnetoresistance are expected to occur in this compound.
The angular correlation of annihilation radiation (ACAR) is a specific technique within
Positron Annihilation Spectroscopy (PAS) which allows to study the momentum density
of electrons in solids in particular Fermi surfaces of metals and alloys. The behavior of
positrons in condensed matter has been subject to an intense theoretical and experimental
investigation and the use of positrons to probe electronic structure is well documented and
reviewed4,5. Two main categories of PAS in solids are currently available: (i) bulk studies
using fast positrons from radioactive β+ sources6,7 and (ii) surface and near surface studies
with variable energy positron beams8,9. As measurements of the two-dimensional angular
correlation of annihilation radiation (2D-ACAR) captures both low- and high-momentum
components of the electronic states, it can provide useful information about the Dirac /
Weyl states. It was recently shown in a combined experimental and theoretical study of the
topological insulator Bi2Te2Se, that a bound positron state exists at its surface and that
the theoretical calculation confirms the experiment, showing a significant overlap between
the positron and the topological state10. That demonstrates that besides the angle-resolved
photoemission spectroscopy and scanning tunneling spectroscopy, positron annihilation spec-
troscopy provides an equal highly surface sensitive probe for the topological states of matter.
In this paper we study the spectral function around the Fermi level for the ZrCo2Sn and
2
Nb0.3Zr0.7Co2Sn Heusler compounds. Our results confirm the previously reported
1 existence
of Weyl nodes above the Fermi level in the majority spin channel along the [110] direction,
using the GGA+U approximation to the exchange correlation potential of the density func-
tional theory (DFT)11–13. We show that doping ZrCo2Sn with Nb results in a shifting of the
Weyl-points closer to the Fermi level. By computing the 2D-ACAR spectra along the [001]
direction we obtain the momentum density in the (px, py) plane and study the consequences
of the presence of Weyl-points in the vicinity of EF .
II. DENSITY FUNCTIONAL THEORY CALCULATIONS
A. Electronic structure
Band structures calculations have been performed within the DFT11–13 using the fully
relativistic SP-KKR package14. Both the pure ZrCo2Sn and the Niobium doped Heusler
compounds crystallize in the face centered cubic symmetry (space group Fm-3m, nr. 225).
While the lattice parameter for the pure compound has been experimentally determined
to be a = 11.85 a.u., we considered a lattice parameter of a = 11.77 a.u.1 for both the
pure and the Niobium doped Zr0.7Nb0.3Co2Sn. Note that in Ref. 1, results for the doped
Zr1−xNbxCo2Sn, were presented for a smaller amount of Nb, x = 0.275. For both mate-
rials a k-mesh of 22 × 22 × 22 points has been used. The general gradient approxima-
tion (GGA) for the exchange-correlation energy using the Perdew, Burke and Ernzerhof
(PBE) parametrization was applied15. Additionally, the on-site Coulomb interaction from
the localized 3d electrons of Co has been accounted for by the GGA+U method16 using
U = 3.0 eV for the on-site Coulomb interaction and J = 0.9 eV for the Hund exchange
interaction in agreement with Wang et al. [1]. The local Coulomb interaction in the va-
lence Co 3d orbitals were included via an on-site electron-electron interaction in the form:
1
2
∑
i{m,σ} Umm′m′′m′′′c
†
imσc
†
im′σ′cim′′′σ′cim′′σ. Here, cimσ/c
†
imσ annihilates/creates an electron
with spin σ on the orbital m at the lattice site i. The Coulomb matrix elements Umm′m′′m′′′
are expressed in the usual way17 in terms of Slater integrals. The double-counting is treated
using the so-called atomic limit expression derived by Czyczyk and Sawatsky18. Several
other double-counting schemes exists, for a more complete discussion the reference Ref. [19]
can be consulted.
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The spectral function with or without the spin-orbit coupling was already discussed by
Wang et al. [1]. Similarly to results presented in Ref. [1] we find that the majority states
around EF have a dominant Co, respectively Zr 3d−character. In the GGA calculations the
ground state is half-metallic ferromagnetic with an overall magnetic moment in the unit cell
of 2µB. The 3d-metals in the Heusler compounds have in general weak spin-orbit coupling
20
which leads to a slight depolarization. The easy axis magnetization has been found along
the [110] direction in agreement with previous calculations1. Including the +U correction,
both the [110] and the [001] direction for the orientation of the magnetic moment can be
stabilized, however, in our calculations, the [001] direction is energetically more favorable.
The energy difference amounts to about 4.5 · 10−4 Ry.
B. Positron annihilation spectroscopy
2D-ACAR is a powerful tool to investigate the bulk electronic structure6,21. It is based
on the annihilation of positrons with electrons of a sample leading to the emission of two
γ-quanta in nearly anti-parallel directions. The small angular deviation from collinearity
is caused by the transverse component of the electron’s momentum. The coincident mea-
surement of the annihilation quanta for many annihilation events yields a projection of the
so called two photon momentum density (TPMD) ρ2γ(p). This is usually computed as the
Fourier transform of the product of positron wave function Ψ+(x) and electron wave function
Ψ−(x):
ρ2γ(p) ∝
∑
j,k
nj(k)
∣∣∣∣∫ dx e−i2pixp Ψ+(x)Ψ−j,k(x)√γ(x)∣∣∣∣2 (1)
The sum runs over all states k in all bands j with the occupation nj(k). The so-called
enhancement factor γ(x)22, takes into account the electron positron correlation. The 2D-
ACAR spectrum N(px, py), the quantity which is actually accessible by an experiment, is a
2D projection of the 3D momentum-density distribution ρ2γ(p) along a chosen (pz) axis.
N(px, py) =
∫
ρ2γ(p)dpz (2)
The 2D-ACAR spectra possess certain symmetries depending on the projection direction.
The [100] projection in particular possess the symmetry group of a square D4
23. However,
due to the anisotropic resolution function, the symmetry is reduced to the two fold sym-
metry D2. In order to enhance the statistical accuracy we took advantage of this to get a
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symmetrized spectrum: Nˆ(px, py) =
∑
g∈D2 g[N(px, py)]. The positron annihilation probes
all electrons in the system. Filled bands, especially bands of core electrons, give a nearly
isotropic distribution which is superimposed by an anisotropy contribution mainly produced
by the electrons near the Fermi level. This anisotropic A(px, py) contribution is therefore the
most interesting feature of an ACAR spectrum N(px, py). It can be calculated by subtracting
isotropic features:
A(px, py) = Nˆ(px, py)− C(px, py) (3)
The radial average C(px, py) ≡ C(
√
p2x + p
2
y) is constructed from the original spectrum
Nˆ(px, py) averaging over all data points in equidistant intervals [pr, pr + ∆pr) from the
center.
The DFT can be generalized to electron-positron systems by including the positron den-
sity, in the form of the two-component DFT24,25. In the present calculations the electron-
positron correlations are taken into account by a multiplicative (enhancement) factor, result-
ing from the electron-positron interaction included in the form of an effective one-particle
potential as formulated in DFT by Boronski and Nieminen24.
In the LDA(+U) framework the electron-positron momentum density ρσ(p) is computed
directly from the two-particle Green function in the momentum representation26–28. The
neglect of electron-positron correlations corresponds to the factorization of the two-particle
Green function in real space. In the numerical implementation the position-space integrals
for the “auxiliary” Green function Gσσ′(pe,pp) obtained within LDA or LDA+U, respec-
tively, are performed as integrals over unit cells:
GXσσ′(pe,pp, Ee, Ep) =
1
NΩ
∫
d3r
∫
d3r′φe†peσ(r) ImG
X
e σ(r, r
′, Ee)φepeσ(r
′)×
φp†ppσ′(r) ImGp+ σ′(r, r
′, Ep)φ
p
ppσ′(r
′)
Here X = LDA or LDA+U, and (pe, σ), and (pp, σ
′) are the momenta and spin of electron
and positron, respectively. GXσσ′ is computed for each energy point on a complex energy
contour, providing the electron-positron momentum density:
ρXσ (p) = −
1
pi
∫
dEeG
X
σσ′(pe,pp, Ee, Ep). (4)
In Eq. 4 integration over positron energies Ep is not required, since only the ground state is
considered, and enters as a parameter. Moreover in this formalism the positron is considered
to be thermalized and described by a state with pp = 0 with s-type symmetry, at the bottom
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of the positronic band. In addition σ′ = −σ at the annihilation. The momentum carried off
by the photons is equal to that of the two particles up to a reciprocal lattice vector, reflecting
the fact that the annihilation takes place in a crystal. Hence an electron with wave vector k
contributes to ρXσ (p) not only at p = k (normal process) but also at p = k + K, with K a
vector of the reciprocal lattice (Umklapp process). The corresponding 2D-ACAR spectrum
is computed according to Eq. (2).
C. Signatures of Weyl points in the 2D-ACAR spectra
Information concerning the Fermi surface geometry can be obtained by projecting ρ2γ
back into the first irreducible Brillouin zone (IBZ). This so-called Lock-Crisp-West (LCW)
procedures29 enhances the Fermi surfaces signature as the filled bands yield approximately a
constant background. In Fig. 1 we present the spectral function together with the backfolded
spectra of pure ZrCo2Sn for the majority spin channel. The results correspond to the
GGA+U calculations in which the magnetic moment was oriented along the [110] direction,
corresponding to the easy axis magnetisation1. The spectral function is plotted along the
W −K − Γ direction.
With the magnetic moment along the [110] direction and in the presence of the spin-orbit
coupling the mirror symmetries Mx/y/z are broken
1. We found the nodal W point located
in the 〈kxky0〉-plane at (0.334, 0.334, 0), in units of 2pi/a, and in agreement with the work of
Wang et. al. [1]. With respect to the Fermi level the Weyl points are situated at EF +0.6eV.
Two other types of Weyls points have been reported in Ref. [1]. However, those appear at
slightly different energies in the band structure, and are unstable in contrast to the W-points
that are protected by inversion. A Weyl point is seen Fig. 1 along the K − Γ direction, and
its pair related by the inversion symmetry is situated along Γ − (−K). Note that within
the spectral function a broken line is visible just below the Weyl point, and indicates the
mixing with the minority spin channel generated by the full spin-orbit coupling.
The 2D-ACAR spectra is shown on the right hand side of Fig. 1. The coordinates of
three-types of Weyl points (Wy, Wy1, Wy2) have been previously reported Ref. 1 and are
displayed in the 2D-ACAR spectra Fig. 1. Wy and Wy1 are situated within the (px, py) plane
while Wy2 is out of plane1. In the center of the Brillouin zone, at the projection of the the Γ
[0,0,0]-point, a reduced signal intensity is obtained. The highest signal intensity is observed
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FIG. 1. Left: Computed Bloch spectral function of ZrCo2Sn, for the majority spin channel,
which shows the Weyl points situated just above the EF at ≈ 0.6 eV; Right: LCW back folded
momentum density spectra ρGGA+U↑ (p). The solid lines indicate the boundaries of the BZ. The
color scale encoding the intensity is relative to the value at N(0, 0). The dashed white line of panel
represents the region containing the nodal line.
in theX, [0,2pi/a,0]-point of the IBZ, which coincides with theW [pi/a,2pi/a,0] in the depicted
projection. A less intense signal is visible along the [110]- direction, which goes through the
K [3pi/2a,3pi/2a,0]-point, the projection of the L [pi/a,pi/a,pi/a]-point in the (px, py)-plane.
Along the diagonal in the (px, py)-plane, the light green area, the momentum density ρσ(p)
has a reduced intensity. In Eq. (4) integration is performed until the Fermi level. As the
position of the Weyl point is situated above EF the energy range [EF , EF +0.6eV ] falls out of
the integration range. We have checked that the linear dimension of the light green region,
along the diagonal corresponds to the opening along the Γ−K direction and extending the
upper limit of the energy integration towards the Weyl point at EF + 0.6eV increases the
weight along the K − Γ direction. We believe that this constitute an indirect indication of
the existence of the Weyl points situated above EF .
In Fig. 2 we compare the LCW back-folding of the momentum density with the back-
folded anisotropy spectra. One observes that for the the majority spins, radial average
C(px, py) removes the spectral weight along the direction connecting X,W points, and sup-
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FIG. 2. Left: LCW back folded momentum density spectra ρGGA+U↑ (p); Right: back-folded
anisotropy spectra A(px, py) for the majority spin (↑) of ZrCo2Sn.
press completely the high intensities in these points. At the same time the intensity at the Γ
point is enhanced. No significant change takes place for the minority electrons (not shown).
The intensity around the projection of the L point into the (px, py)-plane is slightly reduced.
The analysis of the dispersion along the nodal line has been presented in Ref.1. The
minimum of the dispersion was found along the Γ − X direction, while the maximum is
realized along the Γ−K direction. The spin-orbit orbit coupling would gap the nodal lines,
however along the [110]-direction the Weyl points survive being protected by a C2 symmetry
along the [110]-direction. This analysis is supported by the anisotropy plot, the momentum
density is depleted along the Γ−X while only a smaller reduction is seen along the Γ−K
direction.
The Weyl point situated at EF +0.6eV, in the clean compound ZrCo2Sn can be brought to
the Fermi level by a proper concentration of alloying as discussed by Wang et. al.1. Similarly,
we also performed the electronic structure calculations for the Nb0.3Zr0.7Co2Sn alloy using
the Coherent Potential Approximation (CPA)30,31 as implemented in the KKR14,32. As k is
not a good quantum number in disordered alloys, one can still define within the CPA an
effective Fermi surface. Due to disorder smearing of the Fermi surface, the magnitude of
this effect represents however a small fraction of the FS dimensions.
On the left part of Fig. 3 we present the spectral function for the disordered alloy. By
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FIG. 3. Left: The spectral function for Zr0.7Nb0.3Co2Sn, the Weyl point is close to the Fermi
level. Note that disorder effects broaden the spectral function lines. Right: Back-folded anisotropy
spectra A(px, py) of ZrCo2Sn computed within the GGA+U. The solid lines indicate the outline of
the BZ.
alloying the most important features of the Fermi surface remain the same, as expected
because the main band topology is unchanged1. The same symmetry analysis holds for the
Niobium doped Zr0.7Nb0.3Co2Sn system as in the undoped case. The spin-orbit induced
feature visible at about EF + 0.4eV , is present also in the case of disorder as expected, its
position remain unchanged, while the Weyl point is brought closer to EF . As the Weyl-point
approaches EF the entire manifold of bands are almost rigidly shifted towards lower energies.
The complex coherent potential contributes by smearing out the Green’s function and
consequently the features in momentum space. By construction the coherent potential is
local (no momentum dependence), therefore it’s smearing is isotropic. By back-folding the
anisotropy spectra we eliminate this effect. The anisotropy is computed according to Eq. 3
and is seen on the right hand side of Fig. 3. As expected, moving the Weyl point towards
EF , leads to a depletion of momentum density. However the 2D-ACAR spectra does not
allow for a more quantitative analysis, a more detailed discussion is presented below.
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III. DISCUSSION AND CONCLUSION
Weyl semi-metals is a new class of metallic phases that contains Weyl points (i.e. crossing
points of two non-degenerate bands) in the band structure near the Fermi level. Proposed
experiments to identify Weyl semi-metals exist in the literature: magnetoresistance33,34, cou-
pling between collective modes35, and transport36 measurements. The purpose of this paper
is to investigate theoretically the momentum density and to propose 2D-ACAR measure-
ments as a systematic way to examine the existence of the Weyl points and their behavior
in certain situations such as disorder.
We studied the pure Heusler ZrCo2Sb and the Niobium doped NbZrCo2Sb, in which Weyl
nodes are not too far from the Fermi energy. We have performed ab-initio calculations for
the spectral functions and for the 2D-ACAR spectra for both the pure and the alloyed com-
pound. Our band structure calculations confirm the existence of two Weyl points related by
inversion symmetry situated along the [110] direction, as reported previously1. By doping
with Nb the Weyl point move closer to EF which is visible in the spectral function. From
our calculations for the 2D-ACAR spectra we can not undoubtedly identify the position of
the Weyl points in the pure, nor in the doped, Heuslers. Our numerical analysis is con-
ducted by comparing results of the energy integration Eq. (4) with different upper bounds.
In all results, a relatively large smearing at the Fermi surface in the angular correlation
curve is obtained, which hinder the quantitative evaluation for the position of the Weyl-
points. The current qualitative analysis can not totally attribute this difficulties to positron
wave function effects, an additional important effect that is not considered here is the direct
electron-positron Coulomb interaction. Early calculations37–39, taking the Coulomb interac-
tions into consideration in the simplified picture of the electron gas were able to explain the
small deviations for p < pF . However the theoretical results
37–39 for momenta beyond pF ,
fail to explain measured features, because the cancellation effects among the diagrams in
perturbation expansion in the electron-positron interaction. Therefore, to resolve the Weyl
features occurring above EF an approach beyond the perturbative analysis
37–39 is required.
However, the current DFT, GGA(+U) calculations limit themselves to the independent
particle model, which may well be the reason why the Weyl points are not resolved in the
momentum density spectra. In recent studies we partly include dynamical Coulomb inter-
actions effects upon the 2D-ACAR spectra at least for the electronic subsystem6,40. Further
10
work along the lines to include the direct electron-positron interaction is in progress. The
current methodology, may be nevertheless relevant for another ferromagnetic full Heusler
compound Co2MnGa
41 with Weyl points, just below the Fermi level.
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